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1 	 | 	 INTRODUCTION
The	oxygen	cascade	refers	to	the	diffusion	and	transport	
of	 oxygen	 through	 the	 pulmonary	 and	 systemic	 circula-
tions	 culminating	 in	 mitochondrial	 respiration	 at	 the	
level	of	the	skeletal	muscle.	Delivery	and	flow	of	oxygen	
within	 skeletal	 muscle	 vasculature	 is	 an	 essential	 com-
ponent	 of	 the	 oxygen	 cascade	 and	 is	 reduced	 in	 elderly	
(Proctor	 et	 al.,	 1998)	 and	 diseased	 populations	 (Houstis	
et	al.,	2018),	contributing	to	exercise	intolerance.	Previous	
studies	 examining	 blood	 flow	 kinetics	 during	 dynamic	
exercise	have	 typically	used	 invasive	 techniques	such	as	
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thermodilution	(González-	Alonso	&	Calbet,	2003),	which	
provide	 valuable	 data	 in	 healthy	 populations,	 however	
may	be	unsuitable	for	examining	exercise	intolerances	in	
elderly,	diseased,	or	adolescent	populations.
Over	 the	 last	 few	 decades,	 ultrasonography	 has	
gained	 popularity	 as	 a	 noninvasive	 technique	 to	 quan-
tify	 muscle	 blood	 flow	 (Guirro	 et	 al.,	 2017).	 Indeed,	
ultrasonography	 has	 several	 other	 advantages	 beyond	
being	 non-	invasive	 such	 as	 providing	 high-	resolution	
real-	time	 measurements	 and	 the	 capacity	 to	 quantify	
antegrade	 and	 retrograde	 shear	 rates,	 which	 are	 inti-
mately	 linked	 to	 vascular	 adaptation	 and/or	 dysfunc-
tion	 (Green	 et	 al.,	 2017).	 However,	 artifacts	 due	 to	 the	
form	of	dynamic	movements	(i.e.,	large	displacement	of	
arteries	 caused	 by	 muscle	 contraction	 and	 extraneous	
whole-	body	 movement	 causing	 probe	 movement	 arti-





et	 al.,	 1994;	 Walther	 et	 al.,	 2006).	 These	 exercise	 mo-
dalities	 have	 several	 advantages	 in	 demonstrating	 the	
time	course	of	hyperemia	post	contraction,	 identifying	
blood	 flow	 kinetics	 during	 periods	 of	 muscle	 contrac-




Nonetheless,	 while	 these	 aforementioned	 exercise	
models	 provide	 valuable	 insights	 into	 skeletal	 muscle	
blood	 flow	 kinetics,	 the	 overall	 hemodynamic	 response	
substantially	differs	from	more	traditional	forms	of	lower	
limb	 exercises	 such	 as	 walking,	 running,	 and	 cycling,	




to	 knee	 extensor	 exercise	 (Rådegran,	 1997),	 which	 ulti-
mately	 leads	 to	 differences	 in	 beat-	by-	beat	 variability	 in	
blood	 flow	 (Erikson	 et	 al.,	 1990).	 Moreover,	 unlike	 fore-
arm	 contractions	 or	 leg	 kicking,	 traditional	 lower	 limb	
dynamic	exercise	leads	to	(1)	an	increase	in	cardiac	filling	
pressures	due	 to	activation	of	 the	muscle	pump	and	 the	
subsequent	 increase	 in	 stroke	 volume	 (Katayama	 et	 al.,	
2014),	(2)	a	large	reduction	in	total	peripheral	resistance	
(Laughlin,	 1999)	 and	 dependent	 on	 intensity,	 (3)	 an	 in-






amenable	 to	 assessing	 each	 step	 of	 the	 oxygen	 cascade	
over	mild	(hyperemia	independent	of	cardiac	limitations)	












Qvarlander	 et	 al.,	 2013)	 and	 skeletal	 muscle	 vasodilator	
responses.
2 	 | 	 METHODS
2.1	 |	 Participants
Thirteen	male	and	four	female	participants	(28 ± 3.5 years,	
height,	 178.3  ±  9.3  cm,	 weight	 76.2  ±  11.9  kg)	 were	 re-
cruited	via	personnel	communication	from	the	University	
of	Innsbruck.	All	participants	were	healthy,	nonsmokers,	
and	 free	 from	cardiovascular,	metabolic,	 and	neuromus-
cular	 diseases.	 Female	 participants	 were	 tested	 during	
the	early	follicular	phase,	or	placebo	phase	of	their	men-
strual	 cycle	 if	 on	 contraceptives	 (pill;	 two).	 Written	 in-
formed	consent	was	provided	for	all	participants	following	
New Findings




What is the main finding and its 
importance?





with	 assessment	 of	 multiple	 parameters	 within	
the	oxygen	cascade	facilitates	a	complete	integra-
tive	 approach	 for	 determining	 exercise	 intoler-
ance	in	multiple	populations.
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detailed	 verbal	 explanations	 of	 the	 experimental	 proto-
col.	The	study	conformed	to	the	standards	set	out	by	the	
Declaration	 of	 Helsinki,	 except	 for	 registration	 in	 a	 da-
tabase,	and	was	approved	by	the	ethics	committee	of	the	
University	of	Innsbruck	(34/2018).
2.2	 |	 Experimental design
All	trials	were	completed	in	a	quiet	physiology	laboratory	
at	 the	 University	 of	 Innsbruck.	 To	 ascertain	 the	 valid-
ity	and	reliability	of	ultrasound	to	quantify	muscle	blood	
flow	 during	 dynamic	 exercise,	 participants	 performed	





and	 1.6  l·min−1	 (workload	 three—	WL3).	 The	 workloads	
were	 chosen	 to	 encompass	 a	 range	 of	 activities	 of	 daily	
living	and	the	 interactive	effect	of	central	and	peripheral	
limitation	to	exercise	(Jetté	et	al.,	1990).	(1)	~2–	4 metabolic	
equivalents	 (METs):	 isolated	 skeletal	 muscle	 hyperemia	
with	no	central	limitations.	(2)	~5–	8 METs:	mild	exercise	
involving	 local	 skeletal	 muscle	 hyperemia	 without	 large	
changes	 in	 systemic	 hemodynamics	 or	 elevated	 sympa-
thetic	activity	(Saito	et	al.,	1997)	(3)	~8–	12 METs:	Moderate	
intensity	 exercise	 involving	 systemic	 hyperemia	 with	
noteworthy	increases	in	sympathetic	nerve	activity,	vaso-










rival,	 height	 (Stadiometer,	 US)	 and	 body	 mass	 (Kern	 DS	







complete	 relaxation	of	 the	 limb.	After	20 min	 rest	 and	a	
stable	 baseline	 (identified	 by	 HR,	 VO2,	 blood	 pressure),	
blood	 velocity	 and	 diameter	 of	 the	 left	 common	 femoral	
artery	were	obtained	to	assess	leg	blood	flow.	As	our	aim	
was	 to	 isolate	 skeletal	 muscle	 blood	 flow,	 in	 some	 cases	





ing	 each	 workload,	 a	 2-	min	 continuous	 measurement	 of	
blood	velocity	was	taken	(measurement	1)	using	vascular	
ultrasound	 (described	 below).	 The	 ultrasound	 probe	 was	
subsequently	lifted	from	the	limb	for	5 s	while	the	partici-
pants	continued	to	exercise	and	then	placed	back	onto	the	
exercising	 limb	 for	 a	 repeat	 2-	min	 measurement	 (meas-






a	 minimum	 of	 5  min	 rest	 interspersed	 between	 exercise	
bouts	 to	allow	cardiovascular	variables	 to	return	to	base-





Participants	 were	 instrumented	 with	 a	 three-	lead	 elec-
trocardiogram	(Tram-	rac,	Solar	8000 M,	GE-	Marquette,	
USA)	 for	 continuous	 monitoring	 of	 heart	 rate	 (HR).	
At	 rest	 and	 during	 each	 workload,	 blood	 pressure	 was	
measured	 in	 duplicate,	 via	 electro-	sphygmomanometry	
F I G U R E  1  Experimental	set	up	of	a	participant	performing	
stepping	exercise	during	measurement	of	femoral	artery	blood	flow	
with	Doppler	ultrasound
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(Tango,	SunTechMedical	Instruments	Inc.,	USA)	from	a	
cuff	 placed	 on	 the	 right	 arm	 with	 a	 microphone	 placed	
over	the	brachial	artery	to	detect	Korotkoff	sounds.
2.4.2	 |	 Oxygen	consumption
VO2	 was	 measured	 continuously	 from	 expired	 gas	 col-
lected	 through	 a	 mixing	 chamber	 which	 was	 connected	




Time-	average	 mean	 blood	 velocity	 (TAMV)	 and	 arterial	
diameter	 of	 the	 left	 common	 femoral	 artery	 were	 im-
aged	 using	 a	 9-	MHz	 linear-	array	 Doppler	 probe	 (iE33,	
Philips,	 Netherlands).	 Blood	 velocity	 values	 from	 the	
iE33	 probe	 were	 converted	 from	 an	 analogue	 to	 digital	





testing	sessions,	 time	was	 taken	to	 identify	 the	most	ap-
propriate	 area	 to	 obtain	 reliable	 Doppler	 signals	 during	
stepping	 exercise.	 Once	 marked,	 using	 an	 inedible	 ink	
pen,	 participants	 were	 asked	 to	 avoid	 washing	 the	 area	
until	 the	 repeat	 test	 had	 been	 performed	 to	 aid	 consist-
ency	 between	 measurements	 days.	 Furthermore,	 basic	




The	 TAMV	 was	 obtained	 in	 pulse	 wave	 mode	 at	 an	 in-
sonation	angle	of	60°	and	arterial	diameter	in	B-	mode	for	




analyzed	 offline	 using	 a	 custom	 designed	 wall	 tracking	
software	(Coolbaugh	et	al.,	2016).
2.5	 |	 Data analyses
All	 variables	 (except	 vascular	 diameter	 and	 blood	 pres-
sure)	 were	 sampled	 at	 0.4  kHz	 using	 the	 PowerLab	
data	 acquisition	 system	 (ADInstruments,	 UK)	 and	 ana-










2.6	 |	 Statistical analyses
Validity	 of	 the	 workloads	 was	 assessed	 from	 plotting	
blood	 flow	 against	 oxygen	 uptake	 to	 deduce	 metabolic	
demand	at	each	workload	(i.e.,	metabolic	flow	coupling).	
Data	 from	 each	 of	 the	 individual	 measurements	 from	
(days	 1	 and	 2)	 measurement	 1	 and	 2	 were	 all	 normally	
distributed.	However,	when	the	data	were	combined	for	
correlation	analysis	 it	became	non-	normally	distributed.	
Therefore,	 measurements	 from	 all	 testing	 sessions	 were	


















ments,	 and	 linear	 regression	 analyses	 were	 performed	
(Bland	 &	 Altman,	 1986).	 Moreover,	 cardiorespiratory	
variables	 within	 and	 between	 days	 were	 compared	 by	
repeated	 measures	 ANOVA	 with	 Sidak's	 multiple	 com-
parisons	 test.	All	data	are	expressed	as	mean	±standard	
deviation	with	statistical	significance	set	at	p ≤ 0.05.
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3 	 | 	 RESULTS
3.1	 |	 Workload intensity
The	 workloads	 performed	 during	 stepping	 exercise	






















two	 for	all	workloads	 (Table	3).	However,	 systolic	blood	
pressure	 was	 significantly	 different	 between	 days	 for	
workload	one	(p = 0.0272)	yet	remained	similar	between	
days	for	workload	two	(p = 0.2821)	and	three	(p = 0.4400).




1233  ±  291  ml·min−1.	 As	 exercise	 intensity	 increased	
the	 typical	 error	 also	 increased	 and	 was	 146  ml·min−1	
for	 workload	 two,	 with	 mean	 blood	 flow	 equaling	
1887  ±  449  ml·min−1	 and	 148  ml·min−1	 for	 workload	
three,	with	blood	flow	equal	to	2905 ± 675 ml·min−1	(Table	
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repeat	 measurements	 was	 −16  ±  121  ml·min−1	 and	 the	
upper	and	lower	limits	of	agreement	were	221 ml·min−1	
and	−253 ml·min−1	(Figure	3a).
3.5	 |	 Between- session reliability
The	 between-	session	 reliability	 for	 femoral	 blood	 flow	
produced	 a	 higher	 typical	 error	 and	 coefficient	 of	 varia-








measurement	 bias	 calculated	 from	 the	 mean	 of	 the	 dif-
ference	 between	 measurements	 across	 both	 days	 were	
29  ±  344  ml·min−1	 and	 the	 upper	 and	 lower	 limits	 of	
agreement	were	702 ml·min−1	and	−645 ml·min−1	(Figure	
4a).
3.6	 |	 Within- session diameter and time 
average mean blood velocity
Both	common	femoral	artery	diameter	(p = 0.0137)	and	
TAMV	(p = <0.0001)	increased	significantly	with	the	rise	
in	 exercise	 intensity.	 However,	 TAMV	 was	 not	 signifi-
cantly	different	between	measurements	at	each	independ-
ent	workload	(Table	4).
3.7	 |	 Between- session diameter and time 
average mean blood velocity
Arterial	diameter	was	not	significantly	different	between	







4 	 | 	 DISCUSSION
The	primary	aim	of	this	study	was	to	validate	a	model	of	
dynamic	 lower	 limb	 exercise	 that	 resembled	 traditional	
forms	of	exercise	whereby	skeletal	muscle	blood	flow	could	
be	reliably	quantified	noninvasively	via	ultrasonography.	










Day 1 Day 2 Day 1 Day 2 Day 1 Day 2
FBF	(ml·min−1) 1229 ± 299 1162 ± 290 1862 ± 442 1820 ± 435 2865 ± 671 2957 ± 803
TEE	(ml·min−1) 182	(0.78) 204	(0.52) 264	(0.38)
Lower	CI 141	(0.61) 158	(0.41) 205	(0.30)
Upper	CI 261	(1.13) 292	(0.75) 380	(0.55)
Inter-	class	correlation 0.65 0.81 0.89
CV	(%) 15.6 12.5 10.4
Abbreviations:	VO2,	oxygen	consumption;	FBF,	femoral	blood	flow;	TEE,	typical	error	of	the	estimate;	CI,	confidence	interval;	CV,	coefficient	of	variation	
(n = 16).
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During	graded	stepping	exercise,	common	femoral	artery	





whole-	body	 oxygen	 uptake	 during	 graded	 sub	 maximal	
stepping	exercise	matched	the	invasive	response	of	muscle	
blood	flow	during	cycling	(Proctor	et	al.	2003),	therefore	
enabling	 assessment	 of	 reliability	 at	 three	 independent	
workloads.	 When	 considering	 individual	 workloads,	 we	





increases	 the	 difficulty	 of	 obtaining	 stable	 recordings	
(Table	1).	In	contrast,	the	opposite	trend	was	observed	for	
the	between	day	assessment	of	reliability	with	the	highest	
coefficient	 of	 variation	 reported	 at	 the	 lowest	 workload	
(WL1)	 (15.6%),	 compared	 with	 WL2	 (12.5%)	 and	 WL3	
(10.4%).	 Furthermore,	 the	 coefficient	 of	 variation	 was	
lower	for	 the	within-	session	measurements	compared	to	
the	between-	session	values	for	all	workloads	when	com-
bined	 and	 compared	 individually	 (Tables	 2	 and	 3).	This	
result	was	expected	due	to	higher	random	error	associated	
with	 greater	 between	 day	 biological	 variations	 that	 may	
influence	muscle	blood	flow.
In	 the	current	study,	 the	within-	session	reliability	 re-
flects	 the	 measurement	 of	 technical	 error,	 as	 exercise	
was	performed	in	a	steady	state	with	only	a	few	seconds	
in	 between	 measurements.	 The	 measurement	 error	 de-
picted	in	the	Bland–	Altman	plot	was	−16 ± 121 ml·min−1	
for	 the	 within-	session	 data.	 The	 between-	session	 reli-
ability	 was	 conducted	 over	 a	 period	 of	 at	 least	 1  week	
and	 thus	 reflects	 not	 only	 technical	 error	 by	 the	 opera-
tor,	but	biological	variability.	The	between-	session	blood	
flow	 values	 demonstrated	 a	 slightly	 larger	 mean	 dif-
ference	 of	 29  ±  344  ml·min−1.	 However,	 the	 greater	 SD	
(344  ml·min−1)	 meant	 a	 greater	 upper	 and	 lower	 confi-
dence	interval	range	(−645	to	702 ml·min−1),	thereby	ac-
counting	for	the	greater	spread	in	the	data.
Based	on	 these	data,	 the	absolute	 typical	error	of	 the	
estimate	was	45 ± 0.16;	146 ± 0.34	&	148 ± 0.22 ml·min−1	
across	the	three	workloads	within-	session	and	182 ± 0.78;	
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7 l·min−1	as	measured	by	ultrasound	during	knee	extensor	
exercise	(Rådegran,	1997).
4.1	 |	 Comparison with existing data
Rådegran,	(1997)	was	the	first	to	report	within	day	coeffi-
cient	of	variation	of	~6%	using	Doppler	ultrasound	during	





values	 align	 with	 previous	 data	 despite	 the	 use	 of	 a	 dif-
ferent	 exercise	 modality.	 However,	 Choo	 et	 al.	 (2017)	
performed	 a	 highly	 comparable	 study	 which	 measured	
common	 femoral	 blood	 flow	 pre-	 and	 immediately	 post	
(3  min)	 repeated	 high	 intensity	 cycling	 bouts.	 They	 re-
ported	 a	 within	 day	 coefficient	 of	 variation	 of	 ~10.5%,	
which	like	our	data	is	slightly	higher	than	those	reported	
during	knee	extensor	exercise	and	thus	appears	to	suggest	




4.2	 |	 Influence of diameter and velocity
It	 is	 important	 to	 acknowledge	 that	 blood	 flow	 reliabil-
ity	 scores	 are	 based	 on	 changes	 in	 velocity	 and	 arterial	





(Amundsen	 et	 al.,	 2002),	 (Christiansen	 et	 al.,	 2020)	 and	
others	not	(Walløe	&	Wesche,	1988),	(Eriksen	et	al.,	1990),	





that	 changes	 in	 diameter	 typically	 are	 present	 during	


















F I G U R E  4  Between	session	reliability	of	femoral	blood	flow	(FBF)	during	semi-	recumbent	stepping	exercise	(n = 16).	The	agreement	
between	mean	values	on	day	one	is	plotted	against	mean	values	from	day	two	and	shown	in	the	Bland	Altman	plot	(a)	and	the	strength	of	
the	relationship	in	the	scatter	plot	(b).	Abbreviations:	TE,	typical	error	of	estimate;	CI,	confidence	interval;	CV,	coefficient	of	variation





















tracking	 software	 and	 demonstrated	 that	 the	 common	
femoral	 diameter	 did	 increase	 with	 the	 rise	 in	 exercise	
intensity	 (Tables	 4	 and	 5).	 Moreover,	 we	 demonstrated	
that	the	common	femoral	diameter	was	similar	between	
days	 at	 each	 workload	 which	 provides	 support	 for	 the	
reliability	of	ultrasound-	based	measurements	of	 femoral	
diameter	 with	 exercise	 and	 demonstrates	 good	 between	
day	confirmation	of	dilation	during	lower	body	exercise.	
After	 exercise	 cessation,	 common	 femoral	 velocity	 de-
creases	rapidly	and	therefore	to	accurately	obtain	absolute	
measurements	 of	 blood	 flow	 relative	 to	 oxygen	 uptake,	
measurements	should	be	made	during	exercise.	Our	data	






namic	 lower	 limb	 exercise	 that	 resembled	 physiological	
changes	 associated	 with	 traditional	 forms	 of	 exercise,	




eral	 acceptable	 approaches	 exist	 to	 measure	 respiratory	
and	 central	 cardiac	 limitations,	 such	 as	 cardiac	 output	




elbow	 extensor	 (Green	 et	 al.,	 2005)	 exercise	 to	 quantify	
blood	flow	patterns	during	movement.	The	modality	has	
been	 successfully	 adopted	 as	 a	 safe	 mode	 of	 exercise	 in	
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produced	substantial	skeletal	muscle	vasodilation,	which	




side	 VO2,	 whereby	 stroke	 volume	 also	 increased	 as	 did	
resistance	 in	the	non-	active	forearm	(Amin	et	al.,	2021),	
suggestive	 of	 sympathetically	 mediated	 vasoconstriction	
(Hansen	et	al.,	2020).	Together,	these	data	paint	a	picture	
of	 the	 classical	 physiological	 responses	 observed	 during	






The	 main	 limitation	 of	 the	 current	 study	 was	 that	 the	
workloads	were	based	on	absolute	VO2	and	percentage	of	
maximal	heart	rate	rather	than	watts,	which	at	that	time,	






muscle	 blood	 flow	 between	 days,	 may	 be	 partly	 due	 to	
slightly	greater	variability	in	VO2	(CV:	WL1,	22.5%,	WL2,	
16.7%,	and	WL3,	11.7%)	caused	by	differences	in	external	
workload	 (watts).	 Nonetheless,	 despite	 this	 limitation,	
between-	session	 variability	 was	 still	 acceptable	 (WL1,	
15.6%,	 182,	 ml·min−1;	 WL2,	 12.5%,	 204,	 ml·min−1;	 and	
WL3,	10.4%,	264,	ml·min−1)	and	it	can	only	be	imagined	
that	these	reliability	statistics	will	improve	with	the	new	
model	 that	 precisely	 control	 watts	 (http://www.ergos	





in	 opposition	 to	 changes	 in	 velocity	 (seconds),	 changes	
in	 conduit	 arterial	 diameter	 are	 typically	 protracted,	
even	 with	 very	 rapid	 changes	 in	 shear	 stress	 (Pyke	 &	
Tschakovsky,	 2005),	 thus	 the	 aforementioned	 observa-
tion	(Walther	et	al.,	2006)	maybe	a	technical	rather	than	
physiological	 difference.	 Thus,	 in	 our	 opinion,	 it	 is	 im-
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distinct	 workloads	 which	 were	 all	 submaximal	 in	 our	















impaired	 the	 reliability	 of	 this	 technique.	 In	 contrast,	
these	data	cannot	be	applied	to	clinical	populations,	with	
limb	abnormalities	or	obese	 individuals	where	 fat	mass	
may	 make	 ultrasonography	 more	 challenging.	 Finally,	
while	 our	 model	 replicates	 traditional	 aerobic	 exercise	
and	supports	our	objective	of	identifying	skeletal	muscle	
blood	flow	limitations	within	the	oxygen	cascade,	we	ac-
knowledge	 that	 it	 may	 not	 provide	 the	 optimal	 form	 of	
exercise	 for	vascular	adaptation.	Generating	high	blood	
flow	and	favorable	shear	stress	profiles	can	be	achieved	




5 	 | 	 CONCLUSION
Our	 measurement	 of	 skeletal	 muscle	 blood	 flow	 using	
Doppler	 ultrasound	 during	 dynamic	 continuous	 semi-	
recumbent	 stepping	 exercise	 produced	 a	 within-	session	
coefficient	of	variation	of	5.8%	and	a	between-	session	co-
efficient	of	variation	of	12.7%	during	exercise	performed	
at	 three	 distinct	 workloads.	 Our	 within-	session	 values	
provide	 confidence	 in	 our	 ability	 to	 accurately	 measure	
flow	up	to	an	intensity	of	approximately	50%	of	maximal	
heart	rate	 in	young	healthy	 individuals.	These	data	sup-
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